To investigate the problem of initiation in bacterial spore germination, we isolated, from extracts of dormant spores of Bacillus cereus strain T and B. licheniformis, a protein that initiated spore germination when added to a suspension of heat-activated spores. The optimal conditions for initiatory activity of this protein (the initiator) were 30 C in 0.01 to 0.04 M NaCl and 0.01 M tris(hydroxymethyl)amiinomethane (pH 8.5). The initiator was inhibited by phosphate but required two cofactors, L-alanine (34 of Km for L-alanine-initiated germination) and nicotinamide adenine dinucleotide (1.25 X 104 M). In the crude extract, the initiator activity was increased 3.5-fold by heating the extract at 65 C for 10 min, but the partially purified initiator preparation was completely heat-sensitive (65 C for 5 min). Heat stability could be conferred on the purified initiator by adding 10-3 M dipicolinic acid. A fractionation of this protein that excluded L-alanine dehydrogenase and adenosine deaminase from the initiator activity was developed. The molecular weight of the initiator was estimated as 7 X 104. The kinetics of germination in the presence of initiator were examined at various concentrations of L-alanine and nicotinamide adenine dinucleotide.
L-Alanine-initiated germination of activated bacterial spores is an example of a biological trigger mechanism. A statistical analysis of the initial events in spore germination has recently led to the proposal that spores contain an allosteric enzyme that controls the rate-limiting step in germination (9, 22) .
L-Alanine dehydrogenase (8) , alanine racemase (2) , proteolytic enzymes (18) , and muramidaselike enzymes (5, 19 ) have all been proposed as possible candidates for the initiating enzyme. Since all the properties of germination cannot be explained by any one of these enzymes, a search was undertaken for a heat-activated initiator in spores of Bacillus cereus T. This paper describes the partial purification and some of the properties of an initiator protein. A preliminary report of this study has been presented (J. C. Vary, Bacteriol. Proc., p. 37, 1965).
MATERIALS AND METHODS
Organism. B. cereus T spores were grown in a modified G medium (CaCl2, 100 mg/liter) at 30 C for 36 hr (2) . The spores were separated from the debris by centrifugation, washed 15 to 20 times, and lyophilized. During the course of the assays, the stock of heatactivated spores was stored at 0 C, and samples were removed and equilibrated at 30 C for 10 min before use.
Germination was measured by continuously following the decrease in OD at 625 mp (21) . The suspension of spores was added to a cuvette whichcontained buffer and initiating reagents so that the initial OD was 0.8 to 0.9. Several methods for calculating characteristic parameters from a germination curve have been devised (14, 21) . One method, not previously described, is a calculation of the time required for the OD A crude extract was prepared from dormant spores and assayed, as described in Materials and Methods. The following properties were determined. (i) The optimal temperature for initiator activity was 30 C, the optimal time of heat activation at 65 C was 10 min, and the optimal pH was 8.5 (Table 1 ). (ii) Both the crude extract and the heat-activated extract lost activity when they were stored at 0 C for 4 days. (iii) Heatactivated extracts, dialyzed overnight at 0 C, were completely devoid of activity. However, the initiator activity could be restored to the dialyzed extract by the addition of boiled extract of dialysate. Apparently dialysis removed cofactors that were required for initiator activity. We found that, if a dialyzed extract was assayed in the presence of L-alanine, 48% of the initiator activity in the crude extract was recovered. We also observed that NAD had a stimulatory effect on initiator activity. When a dialyzed a Crude extract was heated at 65 C for the indicated times and was assayed at 30 C.
b Crude extract was heated at 65 C for 10 min and was assayed at the indicated temperatures.
c Crude extract was heated at 65 C for 10 min and was assayed at the indicated pH at 30 C. Activity was less in this experiment because a different crude extract was used.
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extract was assayed with L-alanine and NAD, almost 100% of the original activity was recovered ( Fig. 1) . The concentration of L-alanine (10-3M) used in these experiments did not, by itself or in the presence of NAD, initiate germination. This concentration of L-alanine was sevenfold less than the Km for L-alanine-initiated germination. Also, NAD and the dialyzed crude extract did not initiate germination.
Isolation of initiator from B. licheniformis. To test the possibility that the initiator substance might be species specific, the method of extraction of initiator developed for B. cereus (described below) was applied to spores of B. licheniformis (a gift of Ian MacKechnie). We assayed the fractionated extract for initiator activity ( Fig. 2 ) and found that extracts from dormant spores of B. licheniformis initiated the germination of B. cereus spores. Thus, B. cereus T spores do not possess a unique initiator substance.
Separation of lytic and initiator activities. Since a lytic enzyme from B. cereus was shown to initiate nonphysiological germination in B. cereus (5) , the possibility was investigated that this TIM E (min) FJG. 1. L-Alanine and nicotinamide adenine dinucleotide (NAD) requirement of initiator-induced germination. A sample ofthe heat-activated crude extract was assayed for initiator activity, as described in Materials and Methods (curve A). Another sample of this crude extract was dialyzed for 1.5 hr in 0.01 M tris(hydroxymethyl)aminomethane (pH 8.5) and was assayed in the presence of3 X 10-6 m NAD (curve B) or 10-3 M L-alanine (curve C). Curve D is the dialyzed initiator activity in the presence of 3 X 10-M NAD and 10-3 M L-alanine. (21) .
initiator might be the same or a similar enzyme.
A crude extract was fractionated by the procedure of Gould and Hitchins (5) . When the various fractons in this procedure were assayed for initiation of germination (heat-activated spores in buffer), activity was apparent only in the material which was soluble in 60% saturated (NH4)2SO4. This activity was heat-labile and was completely inhibited by 0.1 M phosphate. When these same fractions were assayed for nonphysiological germination (5), activity was observed in the pH 3.5 soluble fraction only.
These results are summarized in Table 2 (16) , which indicated that DPA protects serum albumin from heat denaturation. Also, the heat stability of B. subtilis spore glucose dehydrogenase was enhanced with the presence of 0.5 M DPA (7) . If the heat stability of the initiator in the crude extract is a result of DPA protection, it should be possible to protect the partially purified heat-sensitive initiator against heat inactivation by the addition of DPA. The heat sensitivity of the initiator was decreased by adding DPA (Fig. 3, curve E) . DPA did not stimulate initiator activity, but it inhibited slightly (curve B). Either 2 or 5 min at 65 C (curves C and D) significantly decreased initiator activity in the absence of DPA. These results cannot be attributed to an increase in ionic strength because the ionic strength of the DPA- treated sample was actually less than that of the control sample.
To characterize the initiator protein further, the crude extract was fractionated with (NH4)2SO4. The extract (60 ml) was first treated with four nucleases, and then (NH4)2S04 was added to 100% saturation, as described in Materials and Methods. The precipitate was collected by centrifugation and was resuspended in 5 ml of 0.01 M Tris buffer (pH 8.5), containing (NH4)2SO4 at a concentration that was 65% of saturation. After mixing for 10 min at 25 C, the solution was centrifuged at 10,000 X g for 10 min at 25 C. This sequence was repeated with decreasing concentrations of (NH4)2S04, as illustrated in Fig. 4 . Each of the fractions (about 5 ml) was dialyzed against 1 liter of 0.1 m NaCl-0.01 M Tris (pH 8.5) for 48 hr at 0 C with five changes of buffer. L-Alanine dehydrogenase and adenosine deaminase (which can degrade NAD to inosine), as well as the initiator activity, were assayed in each fraction. The differential fractionation of these enzymes by (NH4)2SO4 is shown in Fig. 5 . Fraction C contained 50% of the total initiator activity but was devoid of both L-alanine dehydrogenase and adenosine deaminase activity. The rest of the initiator activity appeared in fraction D, which also contained about 70% of the total amount of L-alanine dehydrogenase, but it lacked adenosine deaminase activity. These results indicated that neither exogenously added adenosine deaminase nor L-alanine dehydrogenase is a component of the initiator system.
Properties of the fractionated initiator. The molecular weight of the initiator was determined in fraction D because this fraction had significant amounts of L-alanine dehydrogenase (molecular weight, 248,000), which may serve as an internal marker. By filtration through Sephadex G-200 (1), a well-defined activity peak for the initiator occurred, which corresponded to a molecular weight of 67,000 (Fig. 6) . Because of the extreme lability of the initiator at this stage of purification, further studies on this more purified preparation were not possible. Similarly, the lability of the initiator in fraction C prevented an accurate determination of its molecular weight on Sephadex G-200, but it was estimated to be about 60,000. When the molecular weights for the initiator were established by sedimentation velocity in sucrose gradients by the method of Martin and Ames (13) , with bovine serum albumin as a Although the mechanism of action of the initiator is not understood, it was independent of both L-alanine dehydrogenase and adenosine deaminase activities, but it was dependent on the presence of two cofactors, NAD and Lalanine. Since fraction C was free from both of the above enzymes, the physical constants for the initiator were determined in this fraction. The interdependence of L-alanine and NAD concentrations during germination with fraction C was investigated (Fig. 7) . Varying the amount of L-alanine at different NAD levels caused the slopes in the reciprocal plots to change and at high levels of NAD, the intercepts did not change appreciably. This experiment indicated that, at high concentrations of NAD (6.25 X 10-5 to 2.5 X 10-4M), NAD and L-alanine react with the same isomeric form of the initiator; but, at low levels of NAD, the slopes are parabolic, and the apparent intercepts vary, indicating either that L-alanine is acting as an activator for the the initiator (in addition to being a cofactor) or that there is more than one binding site for Lalanine on the initiator. If NAD is varied at different L-alanine levels, the reciprocal plots are linear, indicating again that NAD and L-alanine probably react with the same isomeric form of the initiator. Although the order of addition of L-alanine and NAD to the initiator cannot be determined from these data, it was possible to distinguish between an alternating or sequential mechanism (3) . First, the lines in the reciprocal plots were nonparallel, and they intersected to the left of the vertical axis, implying a sequential mechanism. Second, a replot of the apparent Km/VmnVax versus 1/NAD (Fig. 8) (6) . A muramidase-like enzyme has also been implicated in initiation (5) . This lytic enzyme (18) solubilizes the cortex of nonviable spores. Although the cortex probably is solubilized by lytic enzymes during germination, the inability of the Strange and Dark S-enzyme to cause physiological germination (i.e., inability of treated spores to germinate in the usual germinants) indicated that the hydrolysis of the cortex was not the primary initiating event in germination (19) . Also it has been impossible to explain the role of initiating agents such as L-alanine by this lytic model.
Another candidate for the initiating enzyme is alanine racemase. Since endogenous D-alanine is released during germination, spores probably have a high ratio of D-alanine to L-alanine. This high ratio might inhibit germination by curtailing the activity of stereospecific enzymes that require L-alanine. Although alanine racemase may be important during sporulation and maintenance of dormancy, it has been shown that, under certain conditions, germination is independent of the activity of that enzyme (2) . On the basis of the properties that one would expect for the "initiating enzyme," the above enzymes are unsatisfactory possibilities for the substance controlling the rate-limiting step in germination.
The experiments reported here demonstrate that dormant spores contain a substance that initiates germination. This substance, which possesses a number of the properties one might predict for a hypothetical initiating enzyme, was inactive in dormant spores but was partially active in heat-activated spores. Moreover, it could be activated in vitro with heat, and it apparently required two factors, L-alanine and NAD. Low concentrations of L-alanine, x of the Km for L-alanine-initiated germination, acted catalytically with NAD and the crude extract to initiate germination. Although the mechanism of action is unknown, the initiating substance could gain access to the "site of germination" in heat-activated spores, whereas dormant spores were almost resistant to the initiator. It is possible that dormant spores were impermeable to the initiator and that the structural rearrangements that occurred during heat-activation (17) allowed the entry of the exogenous initiator. 
